Investigation of broadband over power line channel capacity of shipboard power system cables for ship communications networks by Akinnikawe, Ayorinde
 
 
 
INVESTIGATION OF BROADBAND OVER POWER LINE CHANNEL 
CAPACITY OF SHIPBOARD POWER SYSTEM CABLES 
FOR SHIP COMMUNICATIONS NETWORKS 
 
 
A Thesis 
by 
AYORINDE AKINNIKAWE  
 
 
Submitted to the Office of Graduate Studies of 
Texas A&M University 
in partial fulfillment of the requirements for the degree of  
MASTER OF SCIENCE 
 
 
December 2008 
 
 
Major Subject: Electrical Engineering 
 
 
 
INVESTIGATION OF BROADBAND OVER POWER LINE CHANNEL 
CAPACITY OF SHIPBOARD POWER SYSTEM CABLES 
FOR SHIP COMMUNICATIONS NETWORKS 
 
 
A Thesis 
by 
AYORINDE AKINNIKAWE  
 
Submitted to the Office of Graduate Studies of 
Texas A&M University 
in partial fulfillment of the requirements for the degree of  
MASTER OF SCIENCE 
 
Approved by: 
Chair of Committee,  Karen L. Butler-Purry 
Committee Members, B. Don Russell 
 Deepa Kundur 
 Christine Ehlig-Economides 
Head of Department, Costas Gheorghiades 
 
December 2008 
 
Major Subject: Electrical Engineering 
iii 
 
ABSTRACT 
Investigation of Broadband over Power Line Channel Capacity of Shipboard Power 
System Cables for Ship Communications Networks. (December 2008) 
Ayorinde Akinnikawe, B.S., Wichita State University 
Chair of Advisory Committee: Dr. Karen L. Butler-Purry 
 
Broadband over Power Line (BPL) technology has garnered significant attention 
lately due to recent advancements in solid state technologies and channel coding 
schemes. The successful application of BPL technology for in-home automation and 
networking has led to suggestions of applying BPL in other systems including ships. The 
application of BPL technology using the Shipboard Power System (SPS) as a potential 
communications network for ship automation systems has been proposed, to achieve 
recent U.S. Navy ship management concepts geared toward reducing ship manning 
while improving operational efficiency. This thesis presents an analytical model 
developed to examine the channel response characteristics and estimated throughput 
capacity of SPS cables. The work used a multiconductor transmission line theory based 
approach to model the channel response of SPS distribution lines and estimated the 
channel throughput capacity using a “water-filling” communication technique. This 
work found that BPL using the SPS holds a strong potential for use as a communications 
network for ship communication systems. 
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1. INTRODUCTION 
1.1 INTRODUCTION 
Current ships use fiber, ethernet, and wireless technologies for their Local Area 
Networks (LAN). The LANs are used for interior communication and automation 
system networks on the ship [1, 2]. The fiber and ethernet networks are made up of 
hundreds of kilometers of cabling [3] that add considerable weight and increase overall 
cost of the ship. Conversely, ship wireless LAN coverage is limited by the ship hull, 
which is made of thick metal sheets [4]. 
 An alternative communications technology currently being considered for 
implementation in ships is Broadband over Power Lines (BPL). BPL is a process of 
using power lines for high-speed data transmission. Electric power signals operate at low 
frequencies of 50 or 60Hz, and at 400Hz in certain systems of some ships. The low 
frequencies leave ample space in the higher frequency spectrum of the power lines for 
transmitting data streams [5]. In BPL, radio frequency signals at high frequencies are 
superimposed onto the power line for data transmission. The technique of transmitting 
data over power lines was first used as early as the 1930s by utilities for remote control 
of some of their breakers and switches. These applications, which are still in use today, 
require relatively low speed (<30kbps) data communications [6].  
 
____________ 
This thesis follows the style of IEEE Transactions on Power Systems. 
2 
 
The power network, which was optimized to operate at 50 or 60Hz, has inherent noise, 
high reflection coefficient, and severe attenuation that make it difficult to send higher 
frequency signals through it. However, recent technological advances in solid state 
technology and signal coding methods make it possible to use a higher frequency band 
to transmit data faster (>2Mbps) over power lines [7, 8]. 
Given the ubiquity of the Shipboard Power System (SPS) cables within U.S. 
Navy ships, power line paths that connect components in different regions of the ship 
exist. As such, the SPS cable network could be used as the communications medium for 
various ship automation systems. However, the SPS is comprised of several other 
components in addition to the power cables. These additional components include 
transformers, power electronic converters, bus transfers, circuit breakers, and switches at 
high, medium, and low voltage levels. Where it is known that high-frequency signals are 
severely attenuated by transformers [9, 10], the effect of passing BPL signals through the 
other components such as power converters and bus transfers has not been studied. 
Therefore, there is a need to determine if the application of BPL technology for 
automation in Navy ships is feasible. 
In related work, the authors of [3] measured the point-to-point channel frequency 
response of cruise ship power lines and verified the feasibility of using BPL technology 
to transmit communication signals using the low-voltage (220V) lighting network in a 
typical cruise ship. In a similar manner, the authors of [11, 12] measured the transfer 
function parameters of cargo ship low-voltage power lines, with particular emphasis on 
the effect of armored and unarmored cables on the transfer function parameters. While 
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these efforts have attempted to measure the channel response characteristics of SPS 
cables, no analytical model has been developed for determining a priori the channel 
characteristics of ship power lines and other SPS components. Such a model will create a 
platform for the design, testing, and optimization of ship BPL communication systems 
prior to implementation. 
In the work presented in this manuscript, an approach was developed for 
analytically determining the BPL channel response of the typical cable that might be 
found on the U.S. Navy next generation all-electric ship. Analytical approaches for 
determining the frequency response of residential/in-home power lines [6, 13-15] using 
Two-port network models were adapted to determine the frequency response of the ship 
cables. A “water-filling” communication technique was used to estimate the data 
capacity of the cables. The cables studied were marine standard cables based on the U.S. 
Navy (M24643) and IEEE 1580 specifications and approved by the American Bureau of 
Shipping (ABS) for use in ships. The cable sizes and types selected for this study were 
based on the conceptual voltage levels in the notional Next Generation Integrated Power 
System (NGIPS) ship power system. 
 
1.2 ORGANIZATION OF THESIS 
This thesis presents the research conducted to develop an analytical model for 
investigating the channel response characteristics of U.S. Navy ship distribution lines. 
Section 2 presents the literature review of BPL, past works conducted on BPL in ships as 
well as the motivation for this research work. Section 3 discusses ship automation 
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systems and the notional NGIPS architecture. The problem addressed in this work is also 
clearly stated in this section. In Section 4, the stepwise procedure for characterizing the 
ship cable channel response and throughput capacity is presented. The implementation 
of the developed model is discussed in Section 5 while Section 6 presents the simulation 
studies performed and their results. Finally, conclusions and future work is discussed in 
Section 7. 
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2. LITERATURE REVIEW 
2.1 INTRODUCTION 
In recent years, the advancement in broadband over power line technology and 
its perceived potential has lead to several studies been performed to determine its 
feasibility for use for communications in several systems, such as airplanes, cars, airport 
lighting systems, ships and space shuttles, that have pre-existing power cables. This 
section will briefly discuss the history of Broadband over Power Lines and some of the 
challenges still plaguing the technology. Some research that has been performed to 
investigate the feasibility of power-line communication/broadband over power line 
communications in ships will also be discussed. 
2.2 BROADBAND OVER POWER LINES 
Broadband over power lines (BPL) also known as Power Line Communications 
(PLC) is an advancement of a long existing technology, Power Line Carrier. Inherent in 
the name, BPL/PLC in simple terms is the use of existing power lines for streaming data 
signals (communications). The fundamental principle behind this is that electricity flows 
over the low-frequency (50 / 60 Hertz) portions of the power lines, leaving room in the 
higher frequency portions for data streams, as illustrated in Fig. 2.1 [5]. Power Line 
Carrier was originally proposed in the early 1800’s and by 1838 the first remote 
electricity supply metering was proposed [16]. The first patents on power line signaling 
were proposed in the UK in 1897 and the technology used as early as the 1920’s by 
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utilities such as the Electric Power Utility of London. Utilities early use of the power 
line communication technology was to remotely control some of its equipments 
including breakers and high voltage switches. This application of the technology only 
required the transfer of data at relatively low speeds of <30 kbps transfer rate and is still 
in use by several utilities today. 
 
 
Fig. 2.1 Frequency Use of Power Line [5] 
 
 
Earlier attempts to transfer data at higher speeds/frequencies over power lines 
proved to be unattainable as the electric grid was designed for optimal operation at low 
frequencies (50 / 60 Hz). This resulted in severe attenuation or signal blockage of high 
frequency signals by voltage regulators, circuit re-closers, transformers, and shunt 
capacitors. The inherently noisy nature of power line channel and high reflection 
coefficient of the distribution network due to signal reflection at branches and 
unmatched terminations, also increased the challenges of BPL/PLC [7]. 
The use of BPL/PLC technology has been experiencing significant attention 
lately due to a combination of factors such as the recent advances in solid state 
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integrated circuit technology, the development of improved signal modulation schemes, 
the liberalization of telecommunications and deregulation of electric utilities [16], 
coupled with the birth and growth of the internet and the increasing demand for 
communication networks for home and office automation, computer communications, 
security monitoring and several other applications [7]. This renewed interest stems partly 
from the desire to take advantage of the already extensive network infrastructure of the 
electric grid, which is estimated to have a worldwide coverage of around 90% [17]. If 
broadband communication services can be fully achieved using the power distribution 
network, a truly universal information superhighway with the capability of providing 
interconnection to every home, office and industry may be realized [16]. 
By the late 1980’s, relatively sophisticated error control coding techniques within 
BPL/PLC modems were proposed [16]. Several spread-spectrum modulation schemes 
such as frequency shift keying(FSK), code-division multiple access(CDMA) and 
orthogonal frequency division multiplexing(OFDM) which are suitable for use on an 
inherently noisy channel were developed. These coding schemes were also found to be 
effective in overcoming some of the key challenges, including limited bandwidth - in 
comparison to fiber-optic links, high noise levels, uncertain and varying levels of 
impedance and attenuation [10]. This gave further impetus for additional research in the 
area. Advances made in the BPL/PLC industry have lead to the development of two 
spheres of the technology, In-Home BPL/PLC and Access BPL/PLC.  
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2.2.1 In Home BPL/PLC 
In-home BPL, also referred to as in-building BPL/PLC, is a terminology used in 
the industry to refer to Broadband over Power Lines applications that use the existing 
electric power lines within a home, office or industrial building. In-home BPL/PLC has 
been in use since the 1980’s [9] when power lines were used to connect computers and 
peripheral devices such as printers and plotters within an office building. It is currently 
the most developed of the two BPL technologies. Standardization by the HomePlug 
power Alliance (HomePlug 1.0, HomePlug AV) and the universal powerline association 
(UPA) has led to the commercial availability of several household appliances, such as 
the refrigerators, multi-media devices, coffee makers, and alarm clocks [18], that can 
communicate over the building power lines. 
2.2.2 Access BPL/PLC 
Access BPL/PLC, as the name implies, is the broadband over power line 
technology geared to serve as a last mile access technology for getting communication 
signals to the home, much like cable and Digital Subscriber Line (DSL), over the power 
distribution network. This feat is achieved by connecting the low to medium voltage 
distribution network to a communication backbone at the distribution transformer. The 
communication signal is then super-imposed onto the transmission lines as radio 
frequency signals between 1MHz to 100MHz [7]. Development and wide spread 
adoption of access BPL/PLC has been at a much slower pace than its in-home 
counterpart. This is mainly due to some challenges imposed by the transmission 
network, which was not designed for communication signals at high frequencies. 
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In a bid to validate the technology for commercial use as a last mile 
communication access medium, several field trials and pilot programs were run by/with 
electric supply companies and utilities in several European countries- notably in Spain, 
Portugal and France- as well as in Singapore and Hong Kong. However, several of these 
trials did not fare well. One of such was a trial in the Manchester Area between 1997 and 
1999 by Norweb Networks and Norweb/United Utilities which was abandoned due to 
technical (mainly interference) and economical reasons [19]. Two of the key challenges 
(Technical and Economical challenges) facing the commercial deployment of access 
BPL/PLC will be briefly discussed here. 
2.2.2.1 Technical Challenges 
It has been proven in field studies that the existing access BPL/PLC technologies 
work. The question that remains unanswered is if it will work well in a full scale 
commercial deployment. BPL/PLC is a shared bandwidth technology and as such a 
bandwidth issue may arise in densely parked urban areas. Also, since power distribution 
cables were not designed to carry high frequency communication signals, some of the 
signals are radiated by the distribution cables – acting as an antenna – which leads to 
electromagnetic interference (EMI) and radio frequency interference (RFI) for other 
signals in the same spectrum as the BPL/PLC signal. 
2.2.2.2 Economical Challenges 
Economical challenge is one of the most severe challenges facing BPL/PLC 
today. One of the most alluring factors of the technology is that it uses the existing 
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electric distribution grid and as such does not require much initial capital investment for 
building a new network infrastructure. In reality though, partly due to the regulatory 
restrictions that require BPL/PLC signals to be transmitted using low power - in order to 
reduce EMI/RFI, coupled with the inherent noise and signal attenuation in the medium, 
the BPL/PLC signal requires the use of signal repeaters every few hundred yards [7]. 
With the use of complex spread spectrum coding techniques, the hardware required for 
BPL/PLC is also complex and as such expensive. These inherent costs may make it 
difficult for BPL/PLC to compete with existing DSL, wireless and cable services. 
2.3 REVIEW OF EXISTING WORK ON BPL IN SHIPS  
2.3.1 Cruise Ship 
The authors of [3] performed experimental measurement of the channel response 
of the power-line communication channel of a typical cruise ship. In their work, they 
measured the power-line communication channel frequency response and background 
interference of the cruise ships lighting network. Inductive coupling was used to 
superimpose the power-line signal onto the lighting power cable and the channel 
frequency response was measured from 1-30MHz. In this manner, the authors of [3] 
were able to verify the feasibility of using the cruise ship power cables for power-line 
communication. 
However, the ship power system considered in this work was comprised of 
several independent power generators for individual fire zones. This indicates some level 
of isolation of each zone from the other, which could prevent the use of this network for 
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ship-wide data transmission. Also, by using the lighting network, the system considered 
was limited to a single low voltage and cable size, thus not providing an insight into the 
effect of signal reflections that may occur due to the interconnection of different cable 
sizes along the communication path. 
2.3.2 Cargo Ships 
Similar to the work in [3], the authors of [11] and [12] performed a measurement 
analysis of ship power-line channels of cargo ships. However, in [11], the measurement 
analysis was performed, with a goal to develop a more suitable power-line transmission 
technique, by measuring the longitudinal conversion transfer ratio, longitudinal transfer 
ratio and transverse transfer ratio parameters of the low-voltage distribution lines in 
cargo ships. In [12], the authors of [11] advanced their work to consider the effect of 
cable armoring on the power-line channel response and the performance of different 
signal transmission modes. 
2.4 MOTIVATION 
To the best of the author’s knowledge, no previous work has been done to 
develop an analytical model for determining the BPL/PLC channel response 
characteristics of SPSs. Such a model will create a platform for the design, testing, and 
optimization of ship BPL/PLC systems prior to implementation. Furthermore, an 
analytical model of the various components of a SPS will enable the analysis of the 
BPL/PLC channel response of SPS networks regardless of the topology of the SPS 
employed in different ships. 
12 
 
2.5 SUMMARY 
In this section, a literature review on BPL/PLC was provided. The BPL/PLC 
concept was described and a brief history of the technology presented. Some recent 
advances, applications and challenges of BPL/PLC technology were also discussed. A 
review of existing research work on BPL/PLC in ships was also provided. The results of 
the review show that there is a need for more research to be done to determine a priori 
the BPL/PLC channel response characteristics of the different SPSs. 
The section was concluded with a brief explanation of the motivation for 
performing this research work. In the next section, the problem formulation for this work 
will be discussed and then the specific scope of the work done in this research will be 
presented. 
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3. PROBLEM FORMULATION 
3.1 INTRODUCTION 
This section presents the formulation of the problem that this research aims to 
address. Considering the plethora of different ships and there respective SPSs, the 
BPL/PLC model developed in this work was based on the notional SPS topology of a 
class of U.S. Navy ships. In this work the notional SPS topology of the new NGIPS class 
surface combatant ships was used. The automation needs of these ships and a general 
description of the NGIPS topology is discussed. Finally, the work needed to develop the 
analytical model for characterizing the BPL/PLC channel response of the NGIPS system 
is presented and the specific focus of this work stated. 
3.2 SHIP AUTOMATION SYSTEM 
Naval ship systems such as the ship combat systems, navigation systems, power 
systems, and propulsion systems are made up of several components that may 
individually be located in different ship compartments, spread throughout the entire ship. 
The proper functioning of each of these systems is dependent on the performance of 
each individual component, thereby making it a challenging task to manually manage, 
monitor operational condition and maintain each system.  
The propulsion system for instance, which is made up of several parts including 
generators, propeller motors, drive systems, propellers, rudders, and their associated 
controls, as shown in Fig. 3.1, is needed to provide sea surface movement of the ship, a 
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critical function for the survival of the ship and its crew. Automation of this system 
allows effective management and real time monitoring of the sub-systems and 
components thereby improving its availability. Hence, several ship systems have been 
automated to allow system operators to remotely and efficiently manage and monitor 
component status from central stations [1]. 
In present day naval ships, Shipboard propulsion engines, auxiliaries, electrical 
power generation and distribution systems are normally controlled from individual 
central stations called the engineering operator station (EOS) or machinery plant control 
and monitoring station (MPCMS) [1]. Other systems such as the combat, navigation, and 
safety systems are also monitored and controlled from central locations. Plans for future 
ships include the integration of these various separate control station to facilitate a 
streamlined control of all ship control systems from a central location to increase 
efficiency while reducing manning, without sacrificing functionality [20]. 
The remote monitoring and control of various ship systems require the 
implementation of reliable communication networks, which may comprise of multiple 
LANs connecting the various systems and a central control station as shown in Fig. 3.2, 
to transfer component parameter data and control data between the equipment and the 
central control station. Current ship LAN communication networks are fiber-optic or 
ethernet based [2, 21]. As such, hundreds of kilometers of fiber and Ethernet cables are 
used in the implementation of ship communication networks. Some of the issues that 
arise due to this include an increase in ship weight, cost of ship building, operation and 
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maintenance. The potential of using the existing shipboard power distribution system as 
the communication network for ship automation systems is being considered. 
 
 
 
Fig. 3.1.  Automation and Power Management –Electric Propulsion System [1] 
 
 
 
Fig. 3.2.  Integrated Ship Automation System 
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3.3 SHIPBOARD POWER SYSTEM  
The shipboard power system, like terrestrial power systems, can be divided into 
generation, transmission, and distribution networks. However, due to the relatively small 
size of the shipboard power system compared to terrestrial power systems, the 
transmission and distribution networks of a shipboard power system are very short and 
often simply referred to as a distribution network. In next generation ships, the 
Integrated Power System (IPS) architecture is to be used. This is the power system 
platform that forms the basic architecture for the future all-electric ships. The IPS uses 
an integrated platform to provide power for the entire ship, including propulsion and 
non-propulsion (ship service) systems [22], using the same rotating power generators 
unlike older generation ships that had a different power source for propulsion and non-
propulsion systems. 
A notional power system architecture for the NGIPS class ships was used for this 
research. The notional NGIPS is comprised of alternating current (AC) power generation 
and direct current (DC) power distribution parts as illustrated in Fig. 3.3. The notional 
NGIPS architecture has a total of four 13.8kV AC generators connected in a ring 
structure. There are two main generators, MTG1 and MTG2, with a power rating of 
36MW each, and two auxiliary generators, ATG1 and ATG2, with power ratings of 
4MW each. The generator voltage is stepped down to 4.16kV, using four 13.8kV/4.16kV 
Three-phase ship service transformers, which is the voltage level for the propulsion 
motors PM1 and PM2, and shore power (SP). There are four AC-to-DC power converter 
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modules (PCM-4), also connected to the 4.16kV buses of the ship distribution system, 
that are used to power each of the four zones in the ship. 
The PCM-4’s step down the 4.16kV AC power from the ring system and convert 
it to DC at 1kV. The 1kV DC is stepped down to 375V DC, 650V DC, and 800V DC by 
the PCM-1’s, which perform DC-DC conversion, to serve the loads within each zone. . 
The 375V DC and 650V DC output of the PCM-1 is used to supply the lumped DC load 
centers (LDC) in each zone, while the 800V DC output of the PCM-1 is used to supply 
the lumped AC load centers (LAC) in each zone via a PCM-2, which performs 800V DC 
to 450V AC conversion. Protective devices and switches are not shown in Fig. 3.3. 
In order to analyze the potential communication capability of the power system 
of the NGIPS for use as an automation communication channel that will enable remote 
monitoring and control of various ship components from central locations, it is necessary 
to determine the communication characteristics of the various components, such as 
circuit breakers, bus transfers, transformers, switches, power converter modules, and 
cables, that make up the NGIPS system. Other factors, such as ship reconfiguration, 
inherent noise in the ship power system, and electromagnetic interference issues, also 
need to be considered. The scope of this research was to analytically model the data 
capacity characteristics of the power cables in the notional NGIPS. 
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Fig. 3.3.  Notional NGIPS Shipboard Power System Architecture
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3.4 PROBLEM STATEMENT 
In order to analyze the potential communication capability of the shipboard IPS 
system of the NGIPS, for use as an automation communication channel that will enable 
remote monitoring of various ship components from a central location, it is necessary to 
understand the communication characteristics of the various components such as circuit 
breakers, bus transfers, transformers, switches, power converters, cables, and other IPS 
components. Other factors such as ship reconfiguration, inherent noise in the ship power 
system and electromagnetic interference issues also need to be considered.  
An analytical model for characterizing the BPL/PLC response of the NGIPS 
class power system will require and the development of a BPL/PLC channel response 
analytical model for each of the above mentioned SPS network components. Where it is 
widely known that low-power high-frequency signals like those used in BPL/PLC 
systems are severely attenuated by transformers [9, 10], the effect of passing BPL/PLC 
signals through other SPS components have not been studied and clearly established. 
The scope of this research will be to analytically model the data capacity characteristics 
of various ship board (marine) power cable sizes and types that may be used in the 
NGIPS based on the voltage levels and ampacity in the different segments of the 
notional NGIPS topology considered. 
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3.5 SUMMARY 
A general description of the automation system in U.S Navy ships was discussed 
in this section. Emphasizing the importance of the communication system in the ship 
automation system, a brief description of the importance of the automation of ship 
systems indicating the role of the communication network was presented. The notional 
NGIPS class SPS topology, showing the various components of the SPS, component 
connection and voltage levels, was also presented. Finally, the actual work addressed by 
in this research was specified. In the next section, the approach used in developing the 
analytical model for determining the BPL/PLC channel characteristics of the ship power 
cables of the NGIPS will be discussed. 
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4. SOLUTION METHODOLOGY 
4.1 INTRODUCTION 
In order to develop an analytical model for characterizing the BPL/PLC channel 
characteristics of the shipboard power cables, a BPL/PLC channel model for indoor and 
office power lines, based on the multiconductor transmission line theory, was adapted. A 
multiconductor transmission line is typically defined as a transmission line with ( )1n+  
parallel conductors that serve to transmit electrical signals between two or more points 
[23], where n  is typically greater than or equal to one. In this section, the approach 
taken to develop the analytical model for the BPL/PLC analysis of shipboard power 
cables is discussed. Various transmission line theories, including the established Two-
port network representation of a Two-conductor transmission line, that were applied in 
the development of the BPL/PLC model are presented. 
4.2 SOLUTION APPROACH 
Ship power system topologies are usually of a Three-phase floating ground 
configuration [3]. Particularly, U.S. Navy ship power systems use an ungrounded Three-
phase delta configuration. This configuration has inherent fault tolerance, as a power 
system based on this configuration will remain in operation even in the event of a single-
phase-to-hull fault [24]. The ungrounded Three-phase delta configuration of the SPS 
uses Three-phase cables with no neutral conductor. The presence of three conductors 
inherently makes the ship transmission lines a Multiconductor Transmission Line 
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(MTL)[23]. This work adapted an indoor power-line model based on the MTL theory to 
develop an analytical model to examine the channel response characteristics of the 
shipboard power system transmission lines and estimated the channel throughput 
capacity of the transmission lines using a “water-filling” communication technique.  
The solution approach used is shown in the flow chart in Fig. 4.1. The three-
conductor, in-door transmission line model in [13], which was developed for residential 
and office power systems, the majority of which are comprised of grounded single-phase 
three-wire topologies, was modified to match the SPS topology. The model also factored 
in certain connection practices such as bonding, which is the connection of the ground 
and return wire via a shunt conductance within the service panel, which is common in 
residential systems. The modified model allowed the SPS BPL channel to be modeled as 
a Two-conductor transmission line. A three-step approach for modeling the BPL channel 
of the NGIPS power cables as a Two-conductor transmission line was used. The primary 
line parameter values (R, L, C, and G) are first calculated and used to obtain the 
characteristic impedance cZ  and propagation constant γ . These parameters are used to 
calculate the transfer function of the NGIPS channel using the Two-port network model 
of the power lines. The frequency response of the channel is computed from the transfer 
function. Finally, using the obtained frequency response, a “water-filling” 
communication technique is used to estimate the data throughput capacity of the power 
line channel. 
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Fig. 4.1.  Solution Methodology Flow Chart 
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4.3 ANALYTICAL MODEL 
The analytical model adapted in this work is based on the multiconductor 
transmission line (MTL) theory [13, 25, 26]. The development of the model from the 
MTL theory using transverse electromagnetic wave approximations will be described in 
this section. The SPS BPL channel model using this approach will then be developed. 
4.3.1 MTL Analysis of SPS Transmission Lines 
Application of BPL in ships requires the BPL signal to be coupled to only two of 
the three SPS conductors [3], as illustrated in Fig. 4.2. Based on the transverse 
electromagnetic approximation, if two of the conductors are excited ( ), and the 
third conductor is at a potential , the three-conductor cable will support three spatial 
modes (differential mode, pair mode and common mode) propagating in the forward and 
backward directions[13]. Using the MTL theory[27], the voltages and current equations 
of the three-conductor transmission lines can be decoupled via transformation to the 
corresponding modal voltages and currents. 
,A BV V
CV
( dif
Fig. 4.3 shows the equivalent circuit which 
describes the deconvolution of the propagating modes for a finite section of a power 
cable [25]. If the forward propagating mode voltages and currents are defined as 
 and ( )1 , ,dif pr cmV V V+ + + +=V )1 , ,pr cmI I I+ +=I+ +  respectively, and the negative propagating 
mode signals are defined as ( )1 , ,dif prV V cmV− − − −=V  and ( )1 , ,dif pr cmI I I− − − −=I , the relationship 
between the line excitation voltages and currents and the three propagating modes can be 
described in equations (1) and (2). From Fig. 4.3, it can be seen that an incident 
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differential signal on the left, characterized by and difV difI  appears on the far right end 
as a dependent voltage  where ( )( ) dif s xdif dif difI Z V e
γ−+ ( )dif sγ  is the complex propagation 
constant for the differential spatial mode and x  is the position along the transmission 
line [13]. 
 
 
Fig. 4.2.  Signal Coupling Scheme [3] 
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Fig. 4.3.  Equivalent Circuit Representing the Three Dominant Modes [25] 
 
 
 1 1 1
1 1 0
1 1 12 2
1 1 12 2
dif dif A
pr pr B P
cm cm C
V V V
V V V
V V Vθ θ θ
+ −
+ − + −
+ −
⎡ ⎤−⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥≡ + ≡ + = − ≡⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎣ ⎦⎣ ⎦ ⎣ ⎦ −⎣ ⎦
V V V AV  (1) 
 1 1 1
1 1 02 2
1 1
1 1 1
dif dif A
pr pr B P
cm cm C
I I I
I I I
I I I
θ θ θ
+ −
+ − + −
+ −
⎡ ⎤−⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥≡ − ≡ − = − − − ≡⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦
I I I BI  (2) 
Where and ( , , )P A B CV V V=V ( , , )P A B CI I I=I
B
are the voltages and currents on the 
three conductors, respectively. A  and  are transformation matrices and the factor θ  
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describes the shielding due to the third conductor, where 0.15θ ≈ for NM type 
cable[13]. It should be noted that: 
  (3) 1 1,T− −= =B A A BT
The propagating voltages 1
+V  and 1
−V  are related to the corresponding currents 
 and  by a diagonal matrix  of characteristic impedances as shown in equations 
(4) and (5).  
1
+I 1
−I 0Z
  (4) 1
0 0
0 0
0 0
dif dif dif
pr pr pr
cm cm cm
V Z I
V Z I
V Z
+ +
+ + +
+ +
⎡ ⎤ ⎡ ⎤⎡ ⎤⎢ ⎥ ⎢ ⎥⎢ ⎥≡ = ≡⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦
V 0 1Z I
0 1Z I
I
+
−−  (5) 1
0 0
0 0
0 0
dif dif dif
pr pr pr
cm cm cm
V Z I
V Z I
V Z I
− −
− − −
− −
⎡ ⎤ ⎡ ⎤⎡ ⎤⎢ ⎥ ⎢ ⎥⎢ ⎥≡ = ≡⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦
V
4.3.2 Channel Model 
Applying the MTL analysis for modeling the BPL channel of the shipboard 
power system cables, the cable length is first consider to be semi-infinite to facilitate the 
calculation of the cable’s impedance. Application of an input voltage signal  at one 
end of the cable will excite only forward propagating modal voltages [13], which implies 
that  and . Substituting 
pV
1 0
− =V 1 0− =I 1 0− =V  into (1) gives 
  (6) 1 P
+ =V AV
Recalling (4) and (5),  
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  (7) 0 1 P
+ =Z I AV
 0 P P=Z BI AV   (8) 
  (9) 1 0P P
−= =V A Z BI Z IP P∞
0Β
A
)
P
Where  is the terminal impedance observed when looking into the semi-infinite long 
cable and  is the corresponding conductance. 
P
∞Z
YP
∞
  (10) 1 0
T
P
∞ −= =Ζ Α Ζ Β Β Ζ
  (11) 1 0( )
T
P P
∞ ∞ − −= =Y Z A Z
Now consider that a purely differential incident traveling wave  is 
applied to the cable and the cable is terminated in an impedance matrix , the 
reflected wave  may contain additional propagating mode components[13]. The 
relationship between the forward and backward traveling waves may be obtained by 
expressing the voltages and currents in the cable in terms of propagating modes. 
1 ( ,0,0difI
+ +=I
termZ
1
−I
 P term=V Z I  (12) 
  (13) 1 1 P
+ −− =I I BI
  (14) 1 1 P
+ −+ =V V AV
Solving for the reflected current 1
−I , recall that 
 
  11 0 1 1 0 1 1 1 1 1;  ;  ( ) ( )
T
P
+ + − − − + − += = = − =V Z I V Z I I B I I A I I−−
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Therefore,  
 
 0 1 0 1 1 1(
T
term )
+ −+ = −Z I Z I AZ A I I+ −
+
0 1)
 (15) 
  (16) 0 1 1 1 0 1
T T
term term
− − ++ = −Z I AZ A I AZ A I Z I
 0 1( ) (
T T
term term
− ++ = −Z AZ A I AZ A Z I  (17) 
Similarly; 
 
 1 11 1 0 1 1;  0
− − − + + −= =I V Z I V Z  
  (18) 1 1 11 0 1 0 term P
+ − − − −− =V Z V Z BZ V
But 
 1 1 1 1 1( ) (
T
P )
− + − + −= + = +V A V V B V V  (19) 
  (20) 1 1 11 0 1 0 1 1(
T
term
+ − − − − + −− = +V Z V Z BZ B V V )
T −
T
1)
T −
  (21) 1 1 1 11 0 1 0 1 1
T
term term
+ − − − − + −− = +V Z V Z BZ B V BZ B V
  (22) 1 1 1 11 0 1 1 0 1
T
term term
+ − − + − − − −− = +V Z BZ B V V Z BZ B V
  (23) 1 1 1 10 1 0( ) (
T
term term
− − + − −− = +Z BZ B V Z BZ B V
If Iρ  and  are defined as the current and voltage reflection coefficient 
matrices, the backward traveling waves or reflected waves are related to the incident or 
forward traveling waves by (24) and (25) [13]. 
Vρ
 1 I 1
− +=I ρ I  (24) 
 1 V 1
− +=V ρ V  (25) 
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Using (4) and (5), the relationship between the two reflection coefficient matrices 
can be obtained as in (26) to (29) 
 0 1 0 1I V
+ +− =Z ρ I ρ Z I  (26) 
 1 V 0 1
− +=V ρ Z I  (27) 
 0 1 0 1V
− +− =Z I ρ Z I  (28) 
 10 0V I
−= −ρ Z ρ Z  (29) 
By comparing (17) and (23) to (24) and (25), the reflection coefficients can be 
expressed as in (30) and (31). Note that reflections are suppressed when  
[13]. 
0V I= =ρ ρ
  (30) 1 1 1 1 10 0( ) (
T
V term term
− − − − −= + −ρ Z BZ B Z BZ B )T
)T  (31) 10 0( ) (
T
I term term
−= + −ρ Z AZ A Z AZ A
In the general case that a shunt conductance is placed between the conductors of 
a three conductor transmission line, as shown in Fig. 4.4, the mode coupling produced 
by these conductance ,AB ACZ Z  and BCZ  can be examined[26]. The conductance matrix 
shY
termY
 for this case is given in (32). The effective termination seen by the excited cable is 
. 
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Fig. 4.4.  Model for Examining Mode Coupling Due to Shunt Conductance between the Conductors 
 
 
 
1 1 1 1
1 1 1 1
1 1 1
AC AB AB AC
sh
AB BC AB BC
AC BC BC AC
Z Z Z Z
Z Z Z Z
Z Z Z
⎡ ⎤− −+⎢ ⎥⎢ ⎥−= +⎢ ⎥⎢ ⎥− −⎢ ⎥+⎢ ⎥⎣ ⎦
Y
1
Z
−
Y
T
sh
)
 (32) 
  (33) 1 10( )
T
term term sh
− −= = +Y Z A Z A
Therefore, 
 
  (34) 1 10(2 )
T T
V sh
− −= − +ρ A Z Y B Y B
For this work, the application of a purely differential incident wave 
, BPL signal coupled onto conductors A and B in 1 ( ,0,0difV
+ +=V Fig. 4.4 is considered. 
During normal operation, only the load impedance of the receiver, represented by ABZ  is 
connected between the two conductors. Placing only ABZ  in the conductance matrix shY  
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and setting  as shown in BC ACZ Z= =∞ Fig. 4.5, the resultant conductance matrix can be 
expressed as in (35). Substituting this conductance matrix into (34) will yield (36) to 
(38). 
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Fig. 4.5.  Model for Examining Mode Coupling Due to Shunt Conductance across Conductors  
A and B 
 
 
 ,
1 1 0
1 1 0
0 0 0
AB AB
sh AB
AB AB
Z Z
Z Z
−⎡ ⎤⎢ ⎥⎢ ⎥−⎢ ⎥= ⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
Y  (35) 
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0 0
2
0 0
0 0
dif
L dif
V
Z
R Z
−
0
0
⎡ ⎤⎢ ⎥+⎢ ⎥⎢ ⎥= ⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
ρ  (36) 
 
,
( )
2V dif
difL
dif dif dif
L dif
Z
V V
R Z
V− +≡ = − +ρ
+  (37) 
 0pr cmV V
− −= =  (38) 
Thus, there is no coupling between the spatial modes. Futhermore, due to 
decoupling the MTL equations, the resultant differential mode can be modeled as a 
simple Two-conductor transmission line [13].  
4.4 PRIMARY LINE CHARACTERISTICS 
Transmission lines are characterized by their characteristic impedance ( cZ ) and 
their propagation constant ( γ ). The standard equations for calculating cZ  and γ  are 
given in (39) and (40) respectively. Where R  is the per-unit line resistance, L  is the 
per-unit-inductance,  is the per-unit-capacitance,  is the per-unit line conductance, 
and 
C G
2 fω π= . It should be noted that these basic line parameters ( , , ,R L C G ) are 
frequency dependent and can be obtained from expressions, given in the following sub-
sections, which use the ship cable specifications.  
 C
z R j LZ
y G j C
ω
ω
+= = +  (39) 
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 ( )( )zy R j L G j Cγ ω= = + + ω  (40) 
4.4.1 Per-Unit-Length Resistance 
The transmission line cables used in a ship power system have a less than perfect 
conductivity ( 100%σ < ), as such the current flow internal to the conductors produces a 
per-unit length resistance r  [28]. As illustrated in Fig. 4.6, with a direct current (dc), 
), excitation, the current is uniformly distributed over the cross section of a solid 
conductor. However, as the frequency of excitation increases, the current tends to cluster 
closer to the outside of the conductor. This is called skin effect and the thickness of the 
region of the conductor occupied by the current is known as skin depth 
( f = 0
δ [23, 28]. The 
frequency dependent per-unit-length expression used in this work is given in (41). 
 (1 1( )      2 2w wR f f mr r μπ σδ πσ Ω= = )  (41) 
 1
f
δ π μσ=  (42) 
 
 
 
δ
dc High 
Frequency
2wr δ? 2wr δ?
wr
 
Fig. 4.6.  Current Distribution in Conductor with Frequency Level 
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4.4.2 Per-Unit-Length Inductance 
The per-unit-length inductance of a Two-conductor transmission line, shown in 
fig , includes the self/internal inductance  of each conductor, and the mutual/external 
inductance  between the two conductors. The total per-unit-length inductance of a 
Two-conductor transmission line is given in 
il
el
(43) to (46) [28]. 
 2 il l le= +  (43) 
 (1 1      4i w Hl mr fμπ πσ= )  (44) 
 (ln      e
w
s Hl mr
μ
π
⎛ ⎞= ⎜ ⎟⎝ ⎠ )  (45) 
 (2 1( ) * ln( )   4 w ws HL f mr rfμ μπ πσ π⎛= +⎜⎜⎝ ⎠ )
⎞⎟⎟  (46) 
4.4.3 Per-Unit-Length Capacitance 
Based on the TEM mode of propagation theory, a relationship exists between the 
per-unit-length external inductance , capacitance C , and the conductance G , given 
that the conductors are in a homogeneous medium characterized by 
el
σ , μ  and ε  [28]. 
This relationship is expressed in (47) and (48). Therefore, the per-unit-length 
capacitance of the Two-conductor transmission line is expressed in (49). 
 el g μσ=  (47) 
 el c με=  (48) 
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 ( )     
ln
w
FC ms
r
πε= ⎛ ⎞⎜ ⎟⎝ ⎠
 (49) 
4.4.4 Per-Unit-Length Conductance 
From the relationship established in section 4.4.3, the per-unit-length 
conductance a Two-conductor transmission line is given in  
 ( )     
ln
w
G ms
r
πσ= ⎛ ⎞⎜ ⎟⎝ ⎠
?  (50) 
4.5 TWO-PORT NETWORK MODEL OF TWO-CONDUCTOR 
TRANSMISSION LINE 
A Two-port network is a linear electrical circuit with two pairs of terminals, such 
that the voltages and currents at one port (pair of terminals) may be expressed as linear 
combinations of the voltages and currents at the other terminal. The Two-port network 
model of a Two-conductor transmission line will be developed in this section. Using Fig. 
4.7 below, to illustrate the basic two cable transmission line configuration of length xΔ , 
where and represent the current and voltage at the receiving end of the 
transmission line and , 
( )i x ( )V x
( )i x x+ Δ (V x x)+ Δ  represent the current and voltage at the 
sending end of the transmission line. The channel characteristics of the SPS power lines 
were investigated over a frequency range of 1-30MHz. At these frequencies, the 
distributed parameter line model must be used because the length of the SPS cables are 
much greater than a tenth of the signal wavelength [23]. 
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( )V x x+ Δ
( )I x x+ Δ ( )I x
( )V x
xΔ  
Fig. 4.7.  Simple Two-cable Transmission Line 
 
 
 
Using the distributed parameter line theory, the transmission line configuration 
in Fig. 4.7 above can be modeled as shown in Fig. 4.8 below. In the distributed 
parameter model, the unit line constants (resistance ( R ), inductance ( ), Conductance (
) and capacitance ( )) are considered to be uniformly distributed along the 
transmission line. Where, 
L
G C
 z R j Lω= +  (51) 
 y G j Cω= +  (52) 
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( )I x x+ Δ
( )V x x+ Δ
( )I x
( )V x
( )r xΔ
( )z xΔ
( )l xΔ
( )g xΔ( )c xΔ
( )y xΔ
xΔ
 
Fig. 4.8.  Distributed Parameter Transmission Line 
 
 
 
The Two-conductor Two-port network model can be obtained from the 
distributed parameter model using the Kirchoff’s current and voltage laws. The 
derivation of the Two-port network model is given in the expressions in (53) thru (69). 
From Fig. 4.8, writing a KVL equation will give (53) which can be rearranged to the 
form shown in (54). Similarly, from KCL, the distributed parameter model yields (55) 
which when rearranged can be expressed as (56). Combining (54) and (56) results in 
(57) which gives (58). 
 ( ) ( ) ( ) (V x x V x z x I x)+ Δ = + Δ  (53) 
 ( ) ( ) ( )( ) ( )V x x V x dV xzI x zI x
x dx
+ Δ − = ≡ =Δ  (54) 
 ( ) ( ) ( ) ( )I x x I x y x V x+ Δ = + Δ  (55) 
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 ( ) ( ) ( )( ) ( )I x x I x dI xyV x yV x
x dx
+ Δ − = ≡ =Δ  (56) 
 
2
2
( ) ( ) ( )d V x dI xz zyV
dx dx
= = x  (57) 
 
2
2
( ) ( ) 0d V x zyV x
dx
− =  (58) 
Equation (58) can be solved by inspection using 1 2( )
x xV x A e A eγ γ−= +  where 
zyγ = . Differentiating 1 2( ) x xV x A e A eγ γ−= +  will yield (59) and the expression for 
( )I x  is given in (60). 
 1 2
( ) ( )x xdV x A e A e zI
dx
γ γγ γ −= − = x  (59) 
 1 2 1 2( )
x x x xA e A e A e A eI x z z
zy
γ γ γ γ
γ
− −− −= ≡  (60) 
Where, cz z zy z y zγ = = = . 1 2
R c RV z IA +=  and 2 2
R c RV z IA −=  giving that 
RV  and RI  are the receiving end voltage and current. Substituting 1A  and 2A into  
and 
( )V x
( )I x  gives (61) and (62) which can be rearranged and expressed in the form shown 
in (63) and (64). Equations (63) and (64) can be re-written, using hyperbolic 
trigonometric functions given in (65) and (66), as shown in (67) and (68). 
 ( )
2 2
x xR c R R c RV z I V z IV x e eγ γ−+ −⎛ ⎞ ⎛ ⎞= +⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠  (61) 
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 ( )
2 2
x xR c R R c R
c c
V z I V z II x e
z z
eγ γ−
⎛ ⎞ ⎛ ⎞+ −= −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
 (62) 
 ( )
2 2
x x x x
R c
e e e eV x V z I
γ γ γ γ− −⎛ ⎞ ⎛+ −= +⎜ ⎟ ⎜⎝ ⎠ ⎝ R
⎞⎟⎠
 (63) 
 1( )
2 2
x x x x
R
c
e e e e
RI x Vz
γ γ γ γ− −⎛ ⎞ ⎛− += +⎜ ⎟ ⎜⎝ ⎠ ⎝
I
⎞⎟⎠
 (64) 
 cosh( )
2
x xe e x
γ γ
γ
−⎛ ⎞+ =⎜ ⎟⎝ ⎠
 (65) 
 sinh( )
2
x xe e x
γ γ
γ
−⎛ ⎞− =⎜ ⎟⎝ ⎠
 (66) 
 ( ) cosh( ) sinh( )R cV x x V z x IRγ γ= +  (67) 
 1( ) sinh( ) cosh( )R
c
RI x x Vz
γ= + x Iγ  (68) 
The expressions in (67) and (68) can be written in matrix form in (69), where 
 and ( )V x ( )I x  are the voltage and current at location x  along the transmission line. 
( ) ( ) cosh( )A x D xx γ= = , ( ) sinh( )  ( )cB x z xγ= Ω  and ( ) 1 sinh( )  (s)cC x z xγ= . A 
general result of the transmission line theory is that every uniform transmission line can 
be modeled as a Two-port network (2PN). Representing the transmission line 
configuration as a Two-port network of the form in Fig. 4.9 below, the relationship 
between the sending and receiving end quantities can be written as in (70). 
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⎡ ⎤⎡ ⎤ ⎡ ⎤= ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦  (69) 
 
 
 
Fig. 4.9.  Basic Two-port Network Model 
 
 
 
 s R
s R
V VA B
I IC D
⎡ ⎤ ⎡ ⎤⎡ ⎤=⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦ ⎣ ⎦⎣ ⎦
 (70) 
 s RV AV BIR= +  (71) 
 s R RI CV DI= +  (72) 
4.6 FREQUENCY RESPONSE OF THE CHANNEL 
Applying the Two-port network model that was derived in the previous section, 
the channel frequency response of the SPS transmission lines to the applied differential 
wave BPL signal excitation can be examined. The differential excitation signal  is 
coupled to the line at the left port with input impedance Zs, and the output signal 
SV
RV  is 
received at the load, ZL, end. Representing the transmission line configuration as a Two-
port network of the form in Fig. 4.10, the relationship between the sending and receiving 
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end is shown in (70) becomes (73) This is rewritten in (74) with respect to the receiving 
end. In (75) and (76), the relationship between the input and output signals  and  to 
the two port parameters is shown. Finally, the transfer function, 
SV RV
( )H f , of the cable 
channel of length l  is obtained in (77). In this work, the transfer function is plotted over 
a frequency range of 1 – 30 MHz and converted into decibels (dB) by the expression in 
(78). 
Zs
A B
T
C D
⎡ ⎤= ⎢ ⎥⎣ ⎦
SV
1V
1I 2I
2V
ZL
RV
2
 
Fig. 4.10.  Two-port Network Model for SPS BPL 
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1
2 1
2 1
1V VA B D B 1
1
V
I I IC D C AAD BC
−⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎡ ⎤ ⎡ ⎤= ≡⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥−⎣ ⎦ ⎣ ⎦⎣ ⎦ ⎣ ⎦ ⎣ ⎦
 (74) 
Where cosh( )A D lγ= =  per unit 
    sinh( )cB z lγ= Ω  
     1 sinh( )cC z lγ=
S
  s
 
 1 1SV V I Z= +  (75) 
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 2 2RV V I ZL= =  (76) 
 ( ) R L
S L S L
V ZH f
V AZ B CZ Z DZ
= = + + + S
 (77) 
Where  LZ  is the receiver impedance 
  SZ  is the transmitter impedance 
 
 ( )( ) (10( ) 20.log    Gain f H f dB= )  (78) 
4.7 ESTIMATING THE CHANNEL THROUGHPUT CAPACITY 
The transmission line channel is an inherently noisy and frequency selective 
fading channel. Channel coding on such channels is commonly performed using 
Orthogonal Frequency Division Multiplexing (OFDM) signal coding scheme[29]. It has 
been shown that OFDM can be modeled as a parallel Gaussian channel [30] which is a 
channel that has k independent Gaussian channels in parallel, with a common power 
restraint [31].  
As illustrated in Fig. 4.11, the bandwidth of the distribution line channel is 
divided into k  sub-bands. Each of these sub-bands make up an independent channel 
with input jX  and output jY  and may have independent non-white Gaussian noise levels 
jZ  as shown in Fig. 4.12 and expressed in (79). Where the noise is described by the 
expression in (80). Thus, the distribution-line channel response, gain in (78), is divided 
into  Sub-channels of equal bandwidth, each with a different gain amplitude. The total 
BPL transmission power is distributed among all the Sub-channels, as expressed in 
k
(81), 
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to maximize the total capacity [31]. The total throughput capacity C of the distribution-
line channel is the summation of the throughput capacity of each sub-channel with the 
optimum distribution of power to each sub-channel, while ensuring that the total 
transmission power is less than or equal to the total power constraint, as expressed in 
(82). For this work, the maximum gain amplitude available in each sub-channel was 
picked as the lowest amplitude within the sub-channel, as illustrated by the horizontal 
bars in Fig. 4.11. 
 ,     1, 2,...,j j jY X Z j k= + =  (79) 
 (0, )j jZ N?N  (80) 
 2
1
k
j
j
EX P
=
≤∑  (81) 
  (82) 
2
1 2
1 2 1 2
( , ,..., ):
max ( , ,..., ; , ,..., )
k i
k
f x x x EX P
C I X X X Y Y
Σ ≤
= kY
Where jX  is the input power in each sub-channel 
  jY  is the output power from each sub-channel 
  jZ  is the noise level in each sub-channel 
  is the total signal transmission power P
 E  is the Euclidean Sum 
  is the total channel capacity in bit per second C
The distribution that achieves the max throughput capacity of the channel needs 
to be calculated. Recall that the noise, 1 2, ,..., kZ Z Z
( , )
 in each sub-channel are independent, 
therefore, the information expression j jI X Y  in (82) can be expressed as given in (83) 
to (86). 
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Fig. 4.11.  Power Line Channel Divided into k Parallel Sub-channels 
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Fig. 4.12.  Parallel Gaussian Channels [31] 
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1 2 1 2 1 2 1 2 1 2( , ,..., ; , ,..., ) ( , ,..., ) ( , ,..., | , ,..., )k k k kI X X X Y Y Y h Y Y Y h Y Y Y X X Xk= −  (83) 
 1 2 1 2 1 2 1 2( , ,..., ; , ,..., ) ( , ,..., ) ( , ,..., )k k k kI X X X Y Y Y h Y Y Y h Z Z Z= −  (84) 
 ( )1 2 1 2( , ,..., ; , ,..., ) ( )k k j
j
jI X X X Y Y Y h Y h Z≤ −∑  (85) 
 1 2 1 2
1( , ,..., ; , ,..., ) log 1
2
j
k k
j j
P
I X X X Y Y Y
N
⎛ ⎞≤ +⎜⎜⎝ ⎠∑ ⎟⎟  (86) 
Where 2j jP EX=  and jN  is the noise variance in each sub-channel. There by 
reducing the problem to a standard optimization problem which can be solved using 
Lagrange multipliers [31]. The result of the optimization process is given in (87) and can 
be re-written as in (88), where v is the optimization factor. It should be noted however 
that the jP ’s cannot be negative, as such the Kuhn-Tucker conditions is used to verify 
that the solution in (89) maximizes the capacity where v is chosen so that the power 
constraint is not violated, as expressed in (90). Thus, as the signal power is increased, 
power is first allotted to the channels with the lowest noise levels before residual power 
is allotted to noisier channels. This process is referred to as “water-filling” and is 
illustrated graphically in Fig. 4.13 [31]. 
 1 1 0
2 i iP N
λ+ =+  (87) 
 j jP v N= −  (88) 
 ( )jP v N j += −  (89) 
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 ( )jv N P+− =∑  (90) 
 
 
 
Fig. 4.13.  Water-filling for parallel Channels[31]. 
 
 
4.8 SUMMARY 
In this section, the development of the BPL/PLC channel model for shipboard 
power cables was discussed in detail. Using the MTL theory and TEM wave 
approximations, the decoupling of the propagating signals along the SPS transmission 
line was introduced. The decoupled differential signal propagating in the two excited 
phase conductors of the SPS transmission line make it possible to model the BPL/PLC 
channel of the SPS as a Two-conductor transmission line. The equivalent Two-port 
network representation of a Two-conductor transmission line is used to obtain the 
transfer function of the SPS power-line channel from which the frequency response of 
the channel can be calculated. A parallel Gaussian communication technique commonly 
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referred to as “water-filling” was also presented. The “water-filling” technique is used to 
estimate the channel throughput capacity of the SPS BPL/PLC channel from the 
obtained frequency response.  
In the next section, a brief description of the implementation of the developed 
model will be presented. Some relevant concepts required to understand the principles 
applied in sections of the code will also be discussed. 
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5. IMPLEMENTATION 
5.1 INTRODUCTION 
This section discusses the implementation of the BPL/PLC channel characteristic 
model developed in the previous section. A brief description of a typical SPS power 
cable will be provided to clarify the input data required for calculating the primary line 
parameters. Cascading of Two-port networks to obtain an equivalent Two-port network 
model of the BPL/PLC power-line path will also be described. Finally, the structure of 
the Matlab code developed for performing the analytical model developed in Section 4 
will be presented. 
5.2 NOTIONAL NGIPS CABLES 
A cross section view of a typical SPS Three-phase cable is shown in Fig. 5.1. 
The cable is comprised of three individually insulated conductor cores bound together 
using a filler and binder tape. An optional metal sheath, covered by a jacket, is provided 
for armored ship cables. The core conductor is usually made of coated or uncoated 
annealed copper depending on the manufacturer. A low-smoke, zero-halogen, flame 
retardant insulation and jacket material is used in shipboard cables to meet IEEE 1580 
and Navy M24643 standards for use in marine applications. As seen in Fig. 5.1, the 
separation  of any two excited conductors is the sum of the radius of a conductor and 
twice the thickness of the conductor insulation.  
s
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Fig. 5.1.  Cross Section of Typical SPS Three-phase Cable 
 
 
5.3 CASCADING TWO-PORT NETWORKS 
In general, practical transmission lines contain bridged taps. A bridged tap is a 
branch line connection spliced unto the main transmission line as illustrated in fig xx a 
[32]. Each segment of the transmission line configuration in Fig. 5.2.a can be 
represented by its equivalent Two-port network model as shown in Fig. 5.2.b. The 
individual Two-port networks in this situation can be cascaded as shown in Fig. 5.2.c to 
obtain the overall Two-port network model of the channel. However, the ABCD matrix 
representation of the bridged tap Two-port network is of a different form shown in (91). 
Where inbtZ  is the input impedance of the bridged tap and can be calculated from the 
expression in (92). If the branch connection is unterminated (i.e. open circuit), the 
resultant input impedance is given in (93). The derivation of the matrix in (91) is given 
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in Appendix A. The ABCD matrix of the overall Two-port network shown in Fig. 5.2.d 
is obtained by multiplying the individual Two-port network matrices as shown in (94). 
 
1 0
1 1bt
inbt
T
Z
⎡ ⎤⎢ ⎥= ⎢ ⎥⎣ ⎦
 (91) 
 Lin
L
AZ BZ
CZ D
+= +  (92) 
 lim lim
L L
L
inZ Z
L
AZ B AZ
CZ D C→∞ →∞
+= =+  (93) 
 [ ] [ ] [ ] [ ]2overall i bt iT T T T += • •  (94) 
Where LZ  is the load connected at the second port of the Two-port network. 
 
 
 
( )a ( )b
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Fig. 5.2.  Modeling Transmission Lines with Bridged Tap as a Two-port Network 
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5.4 MATLAB CODE FOR SIMULATING CHANNEL CHARACTERISTICS 
The simulation code for examining the BPL channel response characteristics of 
the NGIPS series power system distribution lines was developed in Matlab. The Code 
was broken down into three functional blocks as illustrated in the flow chart in Fig. 5.3. 
The structure of each block will be briefly described in the following sub-sections. 
5.4.1 Block A 
In block A, the distribution line parameters cZ and γ  are calculated for each 
individual cable size, which were selected based on the voltage level and ampacity of 
each segment of the NGIPS architecture that make up the BPL path being considered. 
The cable specifications (radius , separation s , core conductor conductivity wr σ , 
insulation permittivity ε , and permeability μ ) from the manufacturers data sheet , for 
each cable size in the channel is used as input to block A. The distributed cable 
parameters R, L, G and C are then calculated for each cable and the results used to 
calculate cZ  and γ  for each distribution line segment. This data is then stored in arrays 
and passed to block B. 
5.4.2 Block B 
The inputs to block B are the characteristics impedance CZ  and propagation 
constant γ  for each distribution line segment. In block B, the equivalent Two-port 
network model for each distribution line segment is first calculated. The equivalent Two-
port network model representative of the complete BPL channel path being considered is  
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Fig. 5.3.  Flow Chart of Analytical Model Matlab Code 
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then calculated by cascading the individual Two-port network models for each segment 
based on the specific topology of the BPL channel path. The transfer function of the 
channel is then calculated and the frequency response over the 1-30MHz range is 
calculated at a 1.5kHz interval. Finally, the frequency response data points from block B 
are stored in two columns in an excel file. First column gives the frequency points used 
and the corresponding channel response value in dB is stored in the second column. 
5.4.3 Block C 
 Block C accepts the frequency response data points from the excel file created in 
block B as input. The total channel bandwidth, 29 MHz in this case, is divided into ‘k’ 
equally spaced Sub-channels based on user input specification. The power constraint 
variable is set to accept a range of values with a given step increase. These values are 
also to be set by the user. In this implementation, the channel noise in each sub-band is 
weighted by the inverse of the channel gain obtained in block B. This can be shown to 
be equivalent to weighting the input to each sub-channel by the gain in that channel. 
Mathematical proof of this is given in Appendix B. Using a binary search approach, the 
level of v  that maximizes the throughput capacity of the BPL channel is then calculated 
for the power constraint range, at the specified intervals, provided by the user. The 
capacity for each sub channel is then calculated using the capacity equation in (88). 
Finally, the sum of these individual channel capacities is calculated and the result plotted 
and also stored in an excel sheet. 
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5.5  SUMMARY 
The implementation of the analytical model developed for determining the 
BPL/PLC channel characteristics of the shipboard power cables was discussed in this 
section. The Matlab code structure used was divided into three blocks. The first block 
calculates the primary line parameters of the SPS cable. The results are then used in the 
second block to determine the frequency response of the SPS BPL/PLC channel. The 
third block performs the channel throughput capacity estimation of the SPS BPL/PLC 
channel. 
The typical structure of a shipboard power cable, which identifies the cable 
parameters required by the first code block, was also discussed. This was accompanied 
by a discussion of the method of cascading Two-port networks which was used in the 
second code block to obtain the equivalent Two-port network model of the SPS channel. 
In the next section, some simulation studies performed using the code developed in this 
section will be presented. 
 
56 
 
6. SIMULATION STUDIES 
6.1 INTRODUCTION 
Simulation studies performed using the adapted BPL/PLC shipboard power cable 
channel model to investigate the frequency response characteristics of SPS transmission 
lines, are presented in this section. Some of the simulation cases presented were 
designed to investigate the channel response of theoretical automation paths based on the 
location of the component been monitored and the chosen location of the central control 
station. Other simulation cases designed to investigate the channel characteristics of 
individual SPS cables is also presented. The cable parameters used in these studies are 
given in Appendix C. Also, for the studies presented, the number of Sub-channels and 
the noise factor used were arbitrarily chosen as 1000k = and .01jN =  respectively. 
6.2 PROPULSION SYSTEM AUTOMATION CHANNEL PATH 
This case study was designed to determine the channel characteristic of the 
distribution line path linking a propulsion system and a potential central control station. 
A representative channel path from the notional NGIPS architecture shown in Fig. 3.3 
was used in this study. In accordance with past practices on older generation ships, it 
was assumed that the central control station for monitoring the propulsion motor was 
served from a 450V AC load center node. The propulsion motor central control station in 
this study was assumed to be served within the lumped AC load in zone 3 of the NGIPS. 
The path from the propulsion motor PM1 to the lumped AC load center in zone 3 has 
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been indicated, on a cut section of the NGIPS, with thick dashed lines in Fig. 6.1. The 
equivalent channel path obtained is shown in Fig. 6.2.  
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N
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Fig. 6.1.  NGIPS with PM1 Automation Path Shown 
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Fig. 6.2.  SPS Channel between Propulsion System and AC Load Center 
 
 
The length of each segment was an estimated value based on conceptual 
placement of individual components and the average size of a U.S. Navy ship. It should 
be noted that the other components in the system, such as the power converter modules, 
circuit breakers, switch boards, and bus transfers, were neglected in this study. The 
frequency response plot, showing the channel gain on the y-axis plotted over a 1-30MHz 
range, for the channel of Fig. 6.2 is shown in Fig. 6.3. The frequency selective nature of 
the SPS distribution line can easily be deduced from the sharp amplitude dips in the plot. 
A closer look also reveals that signal attenuation increases with the frequency as seen in 
the decreasing peak amplitude of the channel response as frequency increases. Fig. 6.4 is 
a plot of the estimated channel capacity of the channel. The estimated capacity, in mega-
bits-per-second (Mbps), is plotted over an input signal power range of 10 to 100mW, 
which is within the range used in [6]. Fig. 6.4 shows a modest channel capacity of 
almost 50 Mbps at 100mW. However, from review of channel coding literature, it is 
believed that with various channel optimization techniques such as enhanced channel  
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Fig. 6.3.  Channel Gain for SPS Channel in Fig. 6.2 
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Fig. 6.4.  Channel Capacity of SPS Channel in Fig. 6.2 
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coding and error correction, the capacity of the SPS distribution-line channel can be 
greatly increased. 
6.3 CHANNEL CAPACITY FOR VARIOUS SIZES OF SPS CABLE 
The purpose of this study was to investigate the channel capacity of different 
cable sizes, which were chosen based on the voltage and current levels in different parts 
of the notional NGIPS architecture. The frequency response for each cable size was 
calculated for 10m and 30m. The estimated channel capacity for each cable size and 
length was then calculated. The results of this study are shown in Table 1. In all, eight 
cable sizes for use at seven different voltage levels were considered over the two cable 
lengths, as shown in the first three columns, respectively. As seen, some cable sizes were 
used in multiple system voltage level applications. This is as a result of the ampacity in 
these applications for which multiple cable runs per phase are commonly used. The 
power constraint for the signal transmission level was varied between 10–100mW and 
the estimated channel capacity recorded. 
The results obtained in Table 1 show that the channel capacity increases with the 
transmission power level. However, the relative capacity gain decreases with increase in 
transmission power. The results also show that the capacity of the channel reduces as the 
length of the channel increases. However, a clear pattern does not emerge based on the 
size of the cables. 
. 
 Table 1. Table of Estimated Channel Capacity of Different Cable Sizes for Two Cable Lengths 
10 20 30 40 50 60 70 80 90 100
10 15.29 44.27 53.29 58.82 62.80 65.93 68.50 70.68 72.58 74.25
30 15.16 44.06 53.08 58.60 62.58 65.71 68.27 70.46 72.35 74.03
10 16.16 45.67 54.74 60.27 64.27 67.40 69.97 72.16 74.06 75.73
30 16.04 45.49 54.55 60.09 64.08 67.21 69.79 71.97 73.86 75.54
10 10.86 34.92 43.39 48.70 52.57 55.63 58.15 60.30 62.17 63.83
30 10.73 34.53 42.97 48.27 52.14 55.19 57.70 59.85 61.71 63.37
10 10.62 34.27 42.69 47.97 51.83 54.87 57.39 59.53 61.40 63.06
30 10.50 33.88 42.26 47.53 51.38 54.42 56.93 59.07 60.94 62.59
10 12.92 39.81 48.64 54.09 58.04 61.14 63.70 65.87 67.75 69.43
30 12.74 39.46 48.28 53.72 57.66 60.76 63.31 65.48 67.37 69.04
10 11.97 37.70 46.40 51.80 55.73 58.81 61.35 63.51 65.39 67.07
30 11.79 37.31 45.99 51.38 55.30 58.38 60.92 63.08 64.96 66.62
10 14.37 42.67 51.64 57.14 61.12 64.23 66.80 68.97 70.87 72.55
30 14.14 42.29 51.25 56.75 60.72 63.84 66.40 68.58 70.48 72.15
10 11.97 37.70 46.40 51.80 55.73 58.81 61.35 63.51 65.39 67.07
30 11.79 37.31 45.99 51.38 55.30 58.38 60.92 63.08 64.96 66.62
10 12.47 38.86 47.64 53.07 57.01 60.10 62.65 64.82 66.70 68.37
30 12.26 38.45 47.21 52.63 56.57 59.66 62.20 64.37 66.25 67.92
10 14.95 43.69 52.70 58.21 62.20 65.32 67.89 70.07 71.96 73.64
30 14.75 43.37 52.37 57.88 61.86 64.99 67.55 69.73 71.63 73.30
10 15.50 44.62 53.66 59.18 63.17 66.30 68.87 71.05 72.95 74.63
30 15.30 44.32 53.35 58.87 62.86 65.99 68.55 70.74 72.63 74.31
10 14.37 42.67 51.64 57.14 61.12 64.23 66.80 68.97 70.87 72.55
30 14.14 42.29 51.25 56.75 60.72 63.84 66.40 68.58 70.48 72.15
350
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6.4 EFFECT OF LINE DISCONTINUITIES ON CHANNEL RESPONSE 
This simulation study was setup to investigate the effect of distribution line 
discontinuities, due to series and parallel cable joints, commonly found in SPS 
distribution line networks. The frequency response and capacity of a simple distribution 
line of length 30m was calculated. Similarly, the frequency response of two distribution 
lines with cable sizes of 1000 kcmil and 500 kcmil, each 30m long and connected in 
series was calculated. The procedure was repeated using a 1000 kcmil distribution line 
segment 60m long with a segment of 500 kcmil distribution line 30m long spliced onto it 
at the 30m point. The frequency response plot for the simple line is shown in Fig. 6.5 
and the corresponding channel capacity in Fig. 6.6. Fig. 6.7 shows the frequency 
response plot of the series discontinuity case and its corresponding channel capacity plot 
is shown in Fig. 6.8 while Fig. 6.9 and Fig. 6.10 show the frequency response and 
channel capacity plots of the branch discontinuity case respectively. It can be seen from 
the plotted graphs that the channel gain of the series discontinuity case is lower than that 
of the simple distribution line case. Furthermore, significant attenuation of alternate 
peaks can be seen in the series discontinuity frequency response plot. This is believed to 
be as a result of destructive reflections occurring at the point of discontinuity. Similarly, 
the channel response of the branch cable case is lower than that of the series 
discontinuity case. Also, significant frequency selective fading can be observed at about 
the 6 and 18 MHz bands in the branch discontinuity case. Overall, it was deduced that 
the channel frequency response and ultimately, the channel capacity, deteriorates with 
increasing number of discontinuities. 
 
63 
 
 
Fig. 6.5.  Frequency Response Plot for Simple SPS Cable 30m Long 
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Fig. 6.6.  Capacity Plot for Simple SPS Cable 30m Long 
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Fig. 6.7.  Frequency Plot for Series Discontinuity of SPS Cable 
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Fig. 6.8.  Capacity Plot for Series Discontinuity of SPS Cable 
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Fig. 6.9.  Frequency Plot for Parallel Discontinuity of SPS Cable 
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Fig. 6.10.  Capacity Plot for Parallel Discontinuity of SPS Cable 
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6.5 SENSITIVITY STUDIES 
Some sensitivity studies were performed to examine the influence of signal 
transmission levels, length of the cable channel, and the number of Sub-channels used. 
For the case presented here, the studies were performed for a 500 kcmil cable. To 
investigate the effect of power transmission levels, a fixed cable length of 50 m and a 
constant number (1000) of Sub-channels was used, while the transmit power level was 
varied from 1 mw to 200 mw. In the case of the examining the effect of the number of 
Sub-channels, the fixed cable length of 50 m was also used with a fixed transmit power 
level of 100mw, while the number of Sub-channels was varied from 100 to 2000. 
Similarly, the length of cable was varied from 10m to 200m while the signal transmit 
power level and the number of Sub-channels were held constant at 100mw and 1000 
respectively. 
The channel capacity plot with respect to cable length is plotted in Fig. 6.11. It 
can be seen from the trend in this figure that the capacity of the cable channel decreases 
almost linearly with increasing length of the cable. In Fig. 6.12, the plot of the channel 
capacity with respect to increasing power is shown. From this plot, it was deduced that 
the channel of the cable increases with increasing transmit power levels. However, the 
rate of increase in capacity with respect to transmit power can be seen to reduce with 
increasing power levels, indicating that a point will be reached where the opportunity 
cost of increasing power levels with respect to capacity may become unreasonable. 
Finally, the channel capacity plot with respect to the number of Sub-channels is given 
in Fig. 6.13. From this figure, the SPS channel capacity is seen to reduce non-linearly 
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with increase in the number of Sub-channels. However, the effect of the number of Sub-
channels used is also dependent on the channel coding scheme used. As such, the author 
cannot make a decisive conclusion based on the results of this study. 
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Fig. 6.11.  Channel Capacity for 500 kcmil Cable at Varying Lengths with Constant Power (100 mw) and 
No. of Sub-channels (1000) 
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Fig. 6.12.  Channel Capacity for 500 kcmil Cable at Varying Transmission Power with Constant Cable 
Length (50 m) and No. of Sub-channels (1000) 
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Fig. 6.13.  Channel Capacity for 500 kcmil with Varying No. of Sub-channels with Fixed Power (100 mw)  
and Cable Length (50 mw) 
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6.6  SUMMARY 
In this section, simulation case studies, assuming different scenarios, performed 
to investigate the channel response characteristics of the SPS distribution lines was 
presented. The case studies presented were designed to investigate the effect of 
distribution line length, distribution line discontinuities, signal transmit power level and 
number of Sub-channels. The channel characteristics of an hypothetical communication 
link for the automation of a propulsion motor was also presented. The results shown in 
this section indicate an estimated BPL channel throughput capacity of 10-74 Mbps 
which is comparable to broadband throughput capacity of some existing 10/100 Mbps 
wireless and Ethernet networks. 
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7. CONCLUSION 
7.1 CONCLUSION 
An analytical model for investigating the BPL channel response characteristics 
and estimated throughput capacity of U.S. Navy SPS distribution lines was presented in 
this paper. The SPS cable channel model was adapted from an existing MTL model for 
indoor residential power-line channels. An estimate of the channel throughput capacity 
of the SPS cables was obtained using a parallel Gaussian channel modeling technique. 
The results of simulation case studies were presented.  
From the results, it was concluded that the distribution lines in the notional 
NGIPS U.S. Navy ships have comparable channel capacities, between 10 and 74 Mbps, 
for many broadband applications such as voice communications, music and video 
streaming. In general, the estimated channel capacities of the investigated cables 
obtained from the various simulation studies were low compared to the 100 Mbps 
physical layer capacity of existing 100baseT wireless and ethernet communication 
networks. However, with improved channel optimization schemes, the SPS distribution-
line channel has great potential to attain higher speeds. Given the widespread existence 
of these distribution lines in the ship, there is significant potential for the application of 
BPL technology for use as communication networks for automation in NGIPS ships. 
However, the analytical model was developed only for the SPS distribution lines 
in this work. Also, this model did not consider the effect of different voltage levels on 
the BPL signal. Thus, there is still a need to analyze the communication characteristics 
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of other SPS components, such as the power converter modules, bus transfers, and 
circuit breakers, to determine the feasibility of using the SPS as communications 
networks. 
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APPENDIX A 
Shunt Discontinuities in Transmission Lines 
 
An example of a shunt discontinuity on a transmission line is shown in Figure 1. 
The voltages across the shunt resistance  is given in CR (95) with the voltage on the left 
side  at location b , equated to the voltage on the right side  at location . In 
a similar manner, the current 
1( )V b 2 ( )V a a
( )1I b  at location  to the left of the resistor is given in b
(96). The ABCD matrix relating the voltage on the immediate left and right of the 
resistor is given in (99). 
 
CI CR0Z 0Z RZ
2I1I
2V1V
+ +
−−
ab  
Figure 1..Shunt Discontinuity on Transmission Line  
 
 1 2( ) ( )V b V a=  (95) 
 1( ) ( )CI b I I a2= +  (96) 
But,  
 ( )2C
C
V a
I
R
=  (97) 
Therefore 
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 ( ) ( ) ( )21
C
V a
2I b R
= + I b  (98) 
Writing equations (95) and (98) in matrix form yields 
 ( )21 21
1 0 ( )( )
1 1( )
C
V aV b
I aI b R
⎡ ⎤ ⎡ ⎤⎡ ⎤ ⎢ ⎥= ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎣ ⎦
 (99) 
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APPENDIX B 
In this appendix, the mathematical proof of the expression in (100) is given. 
 
 ' ii i i i i
ZY AX Z Y X A= + ≡ = +  (100) 
We will define 'i i
Z ZA =  
 
From (9.67) of [31], 
 
 ( ) ( ) logh A h A= +X X  (101) 
From (10.68) of [31], 
 
 1 2 1 2( , ,..., ; , ,..., ) ( ) ( )k k i
i
iI X X X Y Y Y h Y h Z= −∑  (102) 
Examining the right hand side of this equation and substituting  and 'iY
'
iZ , we get 
 
  (103) '( ) ( )ih Y h Z− 'i
 iY Zh h iA A
⎛ ⎞ ⎛= −⎜ ⎟ ⎜⎝ ⎠ ⎝
⎞⎟⎠  (104) 
 ( ) ( )1log logi ih Y h Z 1A A= + − −  (105) 
 ( ) ( )ih Y h Z= − i  (106) 
 
 
APPENDIX C 
Table 2. Table of Cable Parameters 
 
Voltage Level
(kV)
Cable Size
 (AWG/kcmil)
Cond. Radius 
(mm)
Ins. Thickness 
(mm)
Seperation
(mm)
Ins. 
Relative 
Permittivity
Ins.
Relative 
Permeability
Conductor 
conductivity 
(ohm-m)-1
Conductor 
Relative 
Permeability
750 12.32 5.59 23.5 3 1 5.95E+07 1
500 10.16 5.59 21.34 3 1 5.95E+07 1
1000 14.1 2.92 19.94 3 1 5.95E+07 1
750 14.05 2.79 19.63 3 1 5.95E+07 1
1 500 9.91 2.92 15.75 3 1 5.95E+07 1
350 9.6 2.41 14.42 3 1 5.95E+07 1
1/0 5.31 2.03 9.37 3 1 5.95E+07 1
350 9.6 2.41 14.42 3 1 5.95E+07 1
4/0 7.41 2.03 11.47 3 1 5.95E+07 1
750 12.57 3.681 19.932 3 1 5.95E+07 1
3/0 5.97 2.543 11.056 3 1 5.95E+07 1
2/0 5.33 2.543 10.416 3 1 5.95E+07 1
0.375 1/0 5.31 2.03 9.37 3 1 5.95E+07 1
4.16
0.8
0.65
0.45
13.8
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